Abstract. CREB binding protein (CBP) is a transcriptional cofactor with intrinsic histone acetyl transferase activity (HAT). We have observed that CBP interacts with BRCA2 and mediates post-translational glycosylation of BRCA2. The binding of CBP to the amino-terminal region of BRCA2 is necessary for the glycosylation at residue 272 of BRCA2. Digestion with peptide N-glycosidase F indicates that the glycosylation of BRCA2 is N-linked. It is possible that this novel CBP-mediated post-translational N-glycosylation activity alters the conformation of CBP-interacting proteins, leading to regulation of gene expression, cell growth and differentiation.
Introduction
The transcriptional cofactor CBP interacts with a number of cellular proteins, generally enhancing transcriptional function of its partners (1) . CBP possesses intrinsic histone acetyl transferase activity and acetylates several CBP-interacting proteins, including p53, BRCA1, nuclear receptors, CREB, GATA-1, ELK-1, c-myb, E1A, and HIV-1 Tat (2,3). Acetylation of p53 increases its DNA binding activity, presumably by altering the conformation of p53 (3) . Previously, we reported an alternatively spliced isoform of BRCA2 (4) . Since the aminoterminal region of BRCA2 is involved in transcriptional activation (5, 6) , we tested whether BRCA2 interacts with CBP. A schematic representation of interacting and functional domains of CBP is shown in Fig. 1A . CBP1 (aa 461-662) binds to several transcriptional factors, including CREB, BRCA1, c-jun, c-myb, Tax, ATF-1, and YY1, whereas CBP2 (aa 1620-1877) interacts with E1A, SV40 large T, GATA-1, jun B, Tat, and polyoma large T antigen (2, 3) .
In eukaryotic cells, N-glycosylation is an essential process that regulates protein folding, secretion, degradation and stability (7, 8) . This process takes place cotranslationally during the translocation of nascent protein to the endoplastic reticulum. We report here, however, an exception to this process. We show that CBP binds to BRCA2 and mediates post-translational N-glycosylation of BRCA2. By use of deletions and point mutations of BRCA2, we have assigned Asn 272 as the potential glycosylation site. Furthermore, we demonstrate that the HAT domain of CBP mediates this posttranslational N-glycosylation. To our knowledge this is the first report that a transcriptional cofactor, like CBP, may mediate N-linked glycosyltransferase activity.
Materials and methods
Plasmid construction and purification of proteins. Aminoterminal fragments of BRCA2 gene were generated by PCR and cloned in frame in pGEX-2T vectors (Pharmacia) to produce GST-fusion proteins in E. coli. GST-CBP constructs were a gift from Dr Tony Kouzarides. The constructs were trans-formed in E. coli BLR(DE3)pLysS competent cells (Novagen), and fusion proteins were purified. Similarly, the above BRCA2 cDNA fragments were cloned into pCDNA3 or pcDNA3/His for in vitro transcription and translation.
GST-pull down assay. PCDNA/BRCA2 DNAs were linearized with EcoRI that cleaved at aa 272. In vitro transcriptions were performed using a kit from Stratagene. Translated proteins were labeled with [
35 S]-methionine in a preparation of lysed rabbit reticulocytes (total volume, 25 μl) in the presence of Gst-CBP beads with occasional shaking. Where indicated, microsomal membranes were added (Promega). After 1 h at 30˚C, 125 μl of binding buffer [20 mM Tris-HCl (pH 7.8), 150 mM NaCl, 2.5 mM MgCl 2 , 0.1 mM DTT and 0.05% NP-40] was added and the preparation was rotated at 4˚C for an additional 1 h. The beads were washed in binding buffer and analyzed in SDS-PAGE. Bound proteins were visualized with either autoradiography or image analyzer (Fuji). PNGase, ÏPPase, and O-glycosylase treatments were performed according to manufacturer's instructions (Boehringer and Promega).
Immunoprecipitation and Western blots. MCF-7 cells were transfected with the PCDNA-HisC fusion construct of BRCA2 (aa 1-272) and PCDNA-CBP by use of Fugene 6 (Boehringer). After 72 h, cells were harvested and lysed in buffer containing 50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 5 mM EDTA; 0.5% NP-40 and protease inhibitor cocktail (Boehringer).
After 20 min on ice, extracts were cleared by centrifugation. Extracts were incubated with CBP antibody (Santa Cruz) for 2 h at 4˚C. Protein A/G (15 μl) plus agarose was added, and the preparation was rotated overnight. Beads were washed three times with protein binding buffer and subjected to electrophoresis. The gel was transferred to Hybond nitrocellulose paper and blotted with Xpress antibody (Invitrogen) by use of a Western blot kit (Amersham).
Results

Interaction of the HAT domain of CBP with BRCA2.
To test whether BRCA2 interacts with CBP, we subjected the in vitro translated amino-terminal region of BRCA2 (aa 1-272) to GST-pull down assay using GST-CBP1 (aa 461-662) and GST-CBP2 (aa 1620-1877) (Fig. 1A) . BRCA2 bound to CBP2 and resulted in a higher molecular weight product that was slower migrating, indicating post-translational modification (Fig. 1B, lane 3 ). Similarly, we tested the interaction of BRCA2 with the GST-CBP3 region (aa 1099-1758), which comprises the entire HAT of CBP. BRCA2 bound strongly to CBP3 and showed greater post-translational modification (Fig. 1C) .
CBP-mediated post-translational modification of BRCA2.
To determine which region of BRCA2 is responsible for posttranslational modification mediated by CBP, we translated BRCA2 (aa 1-188) in vitro and subjected it to GST-pull down assay using GST-CBP3. Our results demonstrate that BRCA2 (1-188) bound to GST-CBP3, but was not modified posttranslationally, suggesting that aa 188-272 of the carboxyterminal region were the target of this modification (Fig. 2) . In contrast, in vitro translated BRCA2 (aa 188-272) did not show appreciable binding to GST-CBP3 and also posttranslational modification. These results (Fig. 2) suggest that the binding of the amino-terminal region (1-188) of BRCA2 to CBP3 is a prerequisite for post-translational modification of the carboxy-terminal of BRCA2 (aa 188-272).
CBP-mediated post-translational modification is due to N-linked glycosylation.
The nature of this post-translational modification was investigated by use of various enzymatic digestions of the BRCA2 product (aa 1-272) pulled down by GST. Initially, we determined if this post-translational modification is due to phosphorylation. Treatment of GST pull down BRCA2 with Ï protein phosphatase (PPase) did not effect its post-translational modification (Fig. 3A, lane 4) . These results suggest that such post-translational modification is not due to phosphorylation. We tested whether this posttranslational modification is due to N-or O-linked glycosylation. Treatment with hexosaminidase resulted in no significant change in the post-translationally modified BRCA2 (Fig. 3A, lane 3) . However, digestion with N-glycosidase F (PNGase F) brought the higher molecular weight, posttranslationally modified BRCA2 product down to its normal size (Fig. 3A, lane 2) , suggesting that this post-translational modification is due to N-linked glycosylation. Increasing amounts of PNGase F resulted in increasing deglycosylation of BRCA2 (Fig. 3B, lanes 2-4) . Pancreatic microsomal membrane (MM) failed to glycosylate (lane 5), confirming that the glycosylation of BRCA2 is mediated by CBP. BRCA2 is known to be post-translationally modified in vivo by an unknown factor(s) (6). To our knowledge, this is the first report that a transcriptional cofactor, such as CBP, is associated with post-translational, N-linked glycosyltransferase activity.
CBP-mediated N-glycosylation of BRCA2 in vivo.
We then verified whether this N-glycosylation of BRCA2 occurs in vivo. MCF-7 cells were transfected with mammalian expression constructs containing CBP and BRCA2 (aa 1-272) and immunoprecipitated with CBP-specific antibody. The immunoprecipitated product was digested with PNGase F and Western blotted with Xpress antibody. Untreated immunoprecipitates showed post-translationally modified BRCA2 of higher molecular weight (Fig. 4, lane 2) , whereas the PNGase F-digested product had a reduced size (Fig. 4, lane 3) , suggesting that BRCA2 (aa 1-272) undergoes CBP-mediated post-translational modification in vivo, as in studies performed in vitro. These results support the previous observation that BRCA2 is modified by a mechanism other than phosphorylation (6) .
The tripeptide sequon Asn-Xaa-Ser/Thr is needed for N-linked glycosylation of Asn. A search revealed no such consensus sequence in the amino-terminal region of BRCA2. However, a search for Asn sites in the amino-terminal region of BRCA2 (aa 188-272) revealed one Asn at aa 272 as a potential site for N-linked glycosylation. To determine if this amino acid residue is indeed the site for CBP-mediated N-linked glycosylation, deletions and point mutations of BRCA2 were made at aa 272, and the products were tested for their capacity to become glycosylated. When three amino acids (aa 269-272) of the amino-terminal region of BRCA2 (which includes Asn 272 ) were deleted, no glycosylation was evident (Fig. 5, lane 3) . Similarly, when Asn 272 of BRCA2 was mutated to Lys (Fig. 5, lane 4) and tested, no glycosylation was observed. These results allowed assignment of Asn 272 as the potential glycosylation site. When the PCDNA construct was linearized with XbaI, a restriction site farther downstream of EcoRI, the in vitro translated BRCA2 was not glycosylated by CBP (data not shown). This may have been due to specific structural requirement for glycosylation of the BRCA2 protein in vitro. This is a common requirement for N-linked glycosylation of glycoproteins in vitro by microsomal membranes.
Discussion
Typical N-linked glycosylation takes place at Asn cotranslationally when the consensus sequence Asn-Xaa-Ser/Thr is present in the proteins; this is accomplished by an oligosaccharyltransferase complex bound to the endoplasmic reticulum (7). Post-translational N-glycosylation occurs in both eukaryotic and bacterial cells (9) (10) (11) . In this report, we present evidence that CBP-mediated glycosylation of BRCA2 is atypical, for there is no consensus sequence for N-linked glycosylation. Moreover, failure of microsomal membranes to glycosylate BRCA2 indicates that the CBP-mediated gycosylation is post-translational. It is possible that the CBP HAT domain has dual enzymatic functions, which include acetylation and glycosyl transferase activity. Alternatively, CBP associates with a novel glycosyltransferase(s) that may be responsible for post-translational modification of BRCA2.
In any case, this post-translational modification represents a novel function of transcriptional co-activators such as CBP. It remains to be determined what significance CBP-mediated glycosylation of BRCA2 contributes to its biological functions, which include tumor suppression, DNA repair, the cell cycle, and apoptosis (12) . Perhaps other HAT transcriptional cofactors, such as p300 and P/CAF, also function similarly to CBP and thereby regulate the activity of various interacting proteins. It is tempting to propose that CBP-mediated posttranslational N-glycosylation may be a signal for ubiquitination and proteasomal degradation of CBP/p300 interacting proteins. Interestingly, BRCA2 is known to be ubiquitinated and degraded by proteosomal pathway (13) . It remains to be determined whether CBP-mediated post-translational N-glycosylation plays a role in the degradation of BRCA2. Since CBP/ p300 interacts with many oncoproteins, tumor suppressors and transcriptional factors, such a signal may be vital to regulate the expression of these interacting proteins which may play an important role in cell growth, differentiation and apoptosis. Thus, post-translational N-glycosylation can have global effect on gene function, cell growth and differentiation. Microdeletions, chromosomal translocations and point mutations in CBP are linked to congenital developmental disorder, Rubinstein-Taybi syndrome (RTS), neurogenerative diseases and cancer (14, 15) . Some of the mutations in the HAT domain of CBP are directly responsible for RTS. Since the CBP-mediated glycosyltransferase function overlaps with the HAT domain of CBP, it is possible that regulation of CBP-mediated glycosyltransferase is associated with development of RTS, neurogenerative diseases, and cancers. 
